Potential energy curves have been calculated for the ground and excited electronic states of KrH and the cation KrH ϩ by ab initio configuration interaction calculations using effective core potentials for Kr. Quantum defect functions have been determined from the ab initio potentials of the low-lying Rydberg states of KrH and potential energy curves have been generated for higher n (s,p,d) Rydberg states. The resulting bound-bound transition energies are in excellent agreement with experimental data. The interaction of the 5p B 2 ⌸ state with the 5s and 5p A 2 ⌺ and C 2 ⌺ ϩ states and their predissociation by X 2 ⌺ ϩ has been treated by multistate complex scaling calculations for both KrH and KrD. Much larger predissociation widths are obtained in KrH than in KrD, in agreement with experimental observations.
I. INTRODUCTION
There is continuing interest in the Rydberg spectra of diatomic rare-gas hydrides, 1,2 since the first observation of the Rydberg spectra of ArH. 3 With a single electron outside a stable closed-shell cation core, these systems have repulsive ground electronic states with only shallow van der Waals minima and stacks of bound Rydberg states 4 and for this reason they are also called Rydberg molecules. 5 This typical picture of the potential energy curves of the electronic states of rare-gas hydrides was also found for KrH which is the system of interest in the present work. Ab initio calculations 6 showed that the ground state of KrH is repulsive and it is the lower state in the observed bound-repulsive spectra of this system, 7 while the corresponding lower state for the bound to bound Rydberg spectra is the first excited state of KrH, A 2 ⌺ ϩ . The possibility that the ground state was the lower state of the observed bound-bound spectra had been originally proposed 5, 8 but in subsequent work the A 2 ⌺ ϩ state was given as the lowest bound state of KrD, in agreement with the ab initio calculations. 6 The first bound-bound Rydberg spectra of KrH and KrD were reported in 1988 by Dabrowski et al. 8 where an analysis of the observed spectra by analogy of the observed levels with the spectrum of Rb gave reasonable assignments but could not account for observed bands at 5200 cm Ϫ1 . 8 In more recent work by Dabrowski and Sadowski 9 additional emission bands of KrD were analyzed and the series previously labeled as nd ( 2 ⌺ ϩ , 2 ⌸, 2 ⌬) was recognized as the Rydberg series of np complexes while the previously assigned np 2 ⌸→A 2 ⌺ ϩ bands 8 were assigned as nd 2 ⌸→A 2 ⌺ ϩ . It is possible to assign many of the observed bands in the spectra of rare-gas hydrides in terms of case ͑b͒ states, e.g., 2 ⌺ ϩ , 2 ⌸. However, in other cases as, for example, bands arising from the np and the n f states of KrD 9,10 and also of ArH and ArD, 11 it is necessary to describe these states in terms of case ͑d͒ l-complexes in order to explain the rotational structure of the observed spectra. For the np with nϾ5 states of KrD the analysis requires case ͑d͒ pcomplexes. 9, 10 For the 5p level, 2 ⌺ ϩ and 2 ⌸ states have been identified and the complex fit and the two isolated states fit to the observed levels have been reported to be of similar quality, with the intensities favoring the p-complex description. 9 The 5p 2 ⌸ state has been found to be a case ͑a͒ state in the analysis of the 4d 2 ⌬→5 p 2 ⌸ band. 10 The strong coupling of these states of the rare-gas hydrides giving rise to l-complexes has been attributed mainly to the large dipole moment of the core cation. 12, 13 Dabrowski and Sadowski have reviewed the phenomenon of l uncoupling using the effective l-complex Hamiltonian approach, 9, 10 while Jungen and Roche 13 have analyzed the 4 f complexes of ArH and KrH using multichannel quantum defect theory and reproduced the fine structure of the observed levels.
As described above, experimental levels exist for a complete set of low-n components of the s, p, d, and f Rydberg series of KrD and they may be used along with the ionization potential of the lowest bound level to construct the entire electronic Rydberg structure of this system. 9, 10 This experimental information may also be employed, along with ab initio calculations of the potential energy curves of the lower lying Rydberg states and those of the relevant ionic limits, to generate using quantum defect theory potential energy curves and rotational-vibrational levels for the entire manifold of Rydberg states of a particular l symmetry.
14 How-ever, in the analyses of the observed spectra, [8] [9] [10] the nature of the lowest bound state, A 2 ⌺ ϩ , was left as an open question, i.e., whether it is s or d, or most likely a mixed sϩd state. 8, 9 In the ab initio calculations the character of this state was obtained as Rydberg s with dissociation limits of ground state Kr plus H* (2s 2 S) 6 . The assignment of the l character of the lower states will of course determine the l assignment of the higher states generated by a quantum defect calculation.
The general question of the character of the Rydberg states of rare gas hydrides, or whether they are better described as (RgH ϩ )e Ϫ or as (Rg ϩ H)e Ϫ , has been addressed by Jungen et al., 15 who estimate on the basis of ionization potentials and polarizabilities of the atoms involved that the most appropriate description is in terms of protonated rare gas atom with an associated electron, i.e. (RgH ϩ )e Ϫ , for the equilibrium region of the Rydberg states of all the RgH systems with RgϭHe to Xe. Ab initio calculations on these systems, 4,6,14,16 -18 have found interactions between the excited H and the excited Rg states, which are manifested as avoided crossings in the potential energy curves, especially those of the larger systems. In addition since the spherical symmetry is broken, l-mixing is allowed and it has been found to be important in the Rydberg spectra of ArH, KrH, and KrD. [9] [10] [11] [12] [13] At larger internuclear distances than the equilibrium region, e.g., at 5.0 bohr, the lowest excited states are best described by a charge transfer character, Rg ϩ H Ϫ as found, for example, in the lowest excited states of ArH and XeH, 17, 18 in good agreement with existing experimental measurements of the electronic-vibrational transitions of hydrogen in solid noble gases. 19 This ion pair character is not found in the lower-lying states at the equilibrium or Rydberg region, but it will cause a series of avoided crossings in the potentials of the Rydberg states. Recent theoretical calculations on the Kr ϩ H Ϫ dimer, without taking into account the interaction with the Rydberg states, obtained for the Kr ϩ H Ϫ states minima of 5.0-5.1 eV at Kr-H distances of 2.4 -2.5 Å. 20 Thus a theoretical determination of the potential energy curves of the electronic states of KrH must account for all the possible contributions to the character of the electronic states at different internuclear distances for a reasonably complete description of the electronic states of this system.
The excited states of KrH and to a smaller extent of KrD are expected to be predissociated by interaction with the repulsive ground state, by analogy with the other RgH (Rg ϭHe, Ne, and Ar͒ systems. Generally stronger spectra are obtained for KrD than KrH and this difference has been attributed to differing extents of predissociation in the two systems. 8 A width of 0.5 cm Ϫ1 was reported for the observed bands involving the A 2 ⌺ ϩ state of KrH, whereas the corresponding lines in the deuteride were sharp. 8 Indeed almost all of the reported bands are for the Rydberg spectra of KrD. [8] [9] [10] In the present work, a theoretical study on the Rydberg states of KrH is presented. Potential energy curves are determined with ab initio multireference through double excitation configuration interaction ͑MRDCI͒ calculations. [21] [22] [23] Predissociation of the lower-lying states of KrH and KrD, as well as the possible existence of a 5p complex made up of the 3 2 ⌺ ϩ and 1 2 ⌸ states, is investigated by multistate complex scaling calculations, 14, 24 31 was made. At each internuclear distance in addition to the energies, dipole transition moments between the different states and rotational-electronic coupling matrix elements between the 2 A 1 and the 2 B 1 states have also been calculated. Radial coupling matrix elements have also been calculated between pairs of the first three 2 A 1 states using the finite differences method incorporated in the MRDCI programs. 32 It is expected that the radial coupling matrix elements thus calculated for states of KrH will not be as accurate as they were for HeH 33 and NeH, 14 because with increasing size of the system it becomes difficult to calculate them very precisely. 34 However, it is hoped that, as was the case in ArH, 34 the relative importance of predissociation in the three lowest excited electronic states between the hydride and the deuteride will be revealed.
B. Quantum defect calculations
As mentioned in the Introduction, analyses of the Rydberg spectra of KrH have produced energy levels for s, p, d, and f states as well as the ionization energy of the lowest bound state. [8] [9] [10] In the present work the calculated ab initio potential energy curves of the lowest nl members of the s, p, and d Rydberg states of KrH and the ground state of the cation are employed to generate quantum defect functions over the different values of internuclear distance, and subsequently to generate potential energy curves for the higherlying Rydberg states. Details of the theory and the method have been presented previously. 14, 35 The potential energy curves E(R) of the l Rydberg states converging on the positive ion potential V i ϩ (R) are related to the quantum defect function il (R), determined
where R is the internuclear distance,
and the factor ͓A l i ( i (R))͔ Ϫ1 serves to eliminate solutions
͑3͒
The label l is symbolic because the BornOppenheimer quantum defects belong to l-mixed states. In the present work, as was done previously in a similar calculation on NeH, 14 the states are labeled according to their predominant l character.
Equation ͑1͒ is employed first, with the ab initio potentials for the lowest n l states substituted for E(R), for the determination of the quantum defect functions. The higher Rydberg states are calculated subsequently, again using Eq. 1, but this time by introducing the calculated quantum defect functions and varying E(R), at each R specified to find those energies which satisfy the equation.
In general, there is some energy dependence in the quantum defects calculated as above and this may be incorporated by using in addition the potential energy curves of the second lowest n l states, in the il (R) functions and the subsequent calculation of higher Rydberg states.
Further details of the quantum defect calculations of the present work shall be presented along with their results.
C. Complex scaling calculations
The ab initio potential energy curves of the 
where z = is the diagonal matrix of complex eigenvalues. The resonances correspond to the eigenvalues z k which are stable with respect to variations in and
with E k the energy position and ⌫ k the linewidth of the resonance. The predissociation lifetime in seconds is obtained from the linewidth ⌫ in atomic units using
The Hamiltonian matrix in Eq. ͑4͒ consists of blocks H = IJ where I,J stand for the different electronic states. A basis set of harmonic oscillator functions is employed, and the required integrals are evaluated analytically for the kinetic energy and numerically for the potential energy operator. 14, 24, 36 Equation ͑4͒ is set up and solved for a given basis set size at different values of and the stable eigenvalues z k with respect to correspond to the required resonances. Convergence with respect to the basis set size is also sought. After exploratory convergence calculations with different numbers of basis functions, a basis set of 120 Hermite polynomials for each electronic state has been employed for the present calculations on KrH and KrD. The eigenvalues are stable for values up to 10. These results will be presented in subsequent sections.
III. RESULTS AND DISCUSSION

A. Potential energy curves
An overview of the potential energy curves of the electronic states of KrH and KrH ϩ calculated in the present work is given in Fig. 1 Fig. 1͒ . The lowest of these states is the second ionic limit, which is reflected in the character and the potential energy curves of some of the Rydberg states of KrH at large R ͑e.g., the second and fourth 2 ⌸ states of KrH at R larger than 4.5 bohr͒. The next higher excited states, above the four repulsive states correlate with dissociation limits Kr ϩ ϩH* and Kr* ϩH ϩ . Their potential energy curves resemble those of the Rydberg states of the neutral molecule ͑see Fig. 1͒ , with minima at the KrH ϩ ground state equilibrium bond length. However, in this case the minima are only local minima and the states are metastable. The deepest wells are calculated for the 2 1 ⌸ and 2 3 ⌸ states, with depths of 1.27 eV at 2.8 bohr and 1.38 eV at 2.7 bohr, respectively, with respect to the barriers found in their potential energy curves at 4.8 bohr.
A close-up of the potentials of the excited states of KrH is given in Fig. 2 , where the ionic limits are also plotted. As shown in Fig. 2 , the excited states all have similar minima at R of 2.7 bohr. At larger R, there are avoided crossings with states of different character ͑see Fig. 2͒ As shown in Fig. 2 , in the present work, six 2 ⌺ ϩ , five 2 ⌸ and two 2 ⌬ Rydberg states of KrH have been obtained in the ab initio calculations. In Table I , the observed levels in KrD 9 are given along with the transition energies and radiative lifetimes for bound-bound transitions to the lowest excited electronic state of KrH, A 2 ⌺ ϩ , of the present ab initio calculations and transition energies calculated by Jungen et al. 15 The observed n f levels have been included in Table I for completeness, f -type Rydberg states have not been calculated in the present work. The l-character of the ab initio states calculated in the present work is also indicated in the second column of Table I , where for mixed-l states the predominant character is given first. As shown, the theoretical transition energies of the present work are very close to the theoretical values of Jungen et al. 15 They are also in reasonable agreement with the experimental values and with most recent assignment of the np 2 ⌺ ϩ and 2 ⌸ levels and the nd 2 ⌸ and 2 ⌬ levels. 9 However, according to the present calculations the A 2 ⌺ ϩ state has s character, 4 2 ⌺ ϩ has predominantly d character and 5 2 ⌺ ϩ has s character, while Dabrowski et al. [8] [9] [10] consider A 2 ⌺ ϩ as either 5s or 4d and they would favor it to have a 4d-mixed-with-s character. In addition, they assign as 6s and 5d the levels corresponding to the fourth 2 ⌺ ϩ and fifth 2 ⌺ ϩ states, respectively ͑see Table I , some of the observed ns, np, and nd levels are missing ͑e.g., 7 p 2 ⌸ and 8 p 2 ⌺ ϩ , 2 ⌸ states in the np manifold͒ in the ab initio calculations. In general, it is difficult to calculate by ab initio methods the higher-lying roots of a given symmetry, and a large number of diffuse functions are required for the Rydberg states, which may lead to linear dependencies, if diffuse functions are used on both centers. A more natural calculation of the higher-lying Rydberg states is possible with a quantum defect method, based on the potentials of the lower members of each nl series and the potential of the relevant ionic limit. The results of quantum defect calculations on the Rydberg states of KrH are described in the next section.
B. Results of the quantum defect calculations
The ab initio energies of the lowest nl states at different R have been employed for the calculation of quantum defects as described previously in Sec. II B. For the quantum defects of the ns Rydberg states, the ab initio potential of the A 2 ⌺ ϩ state was employed as 5s and it was shifted by Ϫ0.006 812 hartree in order to fit the experimental ionization energy of 27 ⌬ states, respectively. These shifts were necessary in order to place the Rydberg states in the correct energy with respect to the ionic state, at 2.7 bohr. As mentioned previously, the l-character was assigned on the basis of its predominance in the character of the ab initio calculated states at the minimum ͑see crossings in the calculated potentials. In addition the chargetransfer states have not been included in the quantum defect analysis.
The quantum defects obtained at different values of R, from 1.8 to 4.0 bohr, are expressed in terms of a polynomial of fourth order.
The resulting expansion coefficients are given in Table  II . For the ns and np states, the coefficients for the quantum defects obtained from the two lowest nl states are given, illustrating the energy dependence of the calculated quantum defect functions corresponding to the ab initio curves. For the nd 2 ⌺ ϩ , 2 ⌸, and 2 ⌬ states only the 4d states were employed. This is because the 5d states are among the highest ab initio roots and they were not considered as reliable as the lower roots. The above expansions for the quantum defect functions for the 5s, 5p, and 4d Rydberg states have been employed for the calculation of the electronic energies E(R) for higher n Rydberg states, for R up to 4.0 bohr.
In Table III vertical transition energies at 2.7 bohr are listed for transitions from higher nl states to 5s 2 ⌺ ϩ , calculated from the potentials generated by the above quantum defect calculations, along with experimental values. 9 Two theoretical values of the transition energies are given in Table  III for the ns and the np states. The first one was obtained using the quantum defects of the lowest nl state while for the second value the quantum defects of the second nl state were also used. As shown in Table III , the energy dependence of the quantum defects leads to very similar transition energies for the np states, with differences between the two theoretical values of only 50-250 cm Ϫ1 . For the ns states the energy dependence has a bigger effect on the calculated levels, especially for the 7s and 6s levels, with differences in the calculated transition energies of 623 cm Ϫ1 and 1141 cm Ϫ1 , respectively. These results show that the adiabatic potential energy curve of the A 2 ⌺ ϩ state is not as representative for the higher ns states as the 5p 3 2 ⌺ ϩ state is for the np 2 ⌺ ϩ , but the general picture is not altered. There is excellent agreement of the transition energies obtained from the quantum-defect generated potentials with experimental quantities. The np 2 ⌺ ϩ and 2 ⌸ states are calculated very close to each other, with the calculated E ⌸ -E ⌺ of 16 cm Ϫ1 , for nϭ9, and 30, 60, and 160 cm Ϫ1 for nϭ8, 7, for nϭ8, 7, and 6, respectively, 9 consistent with the treatment of these states as np complexes in the analyses of the Rydberg spectra.
9,10 The 5 p 2 ⌺ ϩ and 2 ⌸ states are further apart, by 735 cm Ϫ1 , and accordingly they have been treated both separately and as forming a p complex in the analyses of the Rydberg spectra of KrD. 8, 9 Again, the two nd 2 ⌺ ϩ levels of Dabrowski and Sadovski, 9 5d at 16 580 cm Ϫ1 and 6d at 21 413 cm Ϫ1 , are in better agreement with levels 6s and 7s, even without the energy dependence ͑see Table III͒ and conversely their 6s and 7s levels at 14 205 cm Ϫ1 and 20 370 cm Ϫ1 , correspond better to the theoretical 4d and 5d 2 ⌺ ϩ levels, respectively ͑see Table III͒. The present results are a direct consequence of the fact that the A 2 ⌺ ϩ state is found in the ab initio calculations to have s character rather than 4d, and the 4 2 ⌺ ϩ state is found to have predominantly d character and is used as the 4d state in the quantum defect calculations.
In Table IV , some further comparisons are made with available experimental transition energies, 8 for transitions from higher Rydberg states to 5p 3 2 ⌺ ϩ and 1 2 ⌸. The experimental assignments are according to the modifications proposed subsequently, reassigning the np upper states to nd. 9 As shown there is excellent agreement between theoretical transition energies and the experimental for transitions to 5 p 3 2 ⌺ ϩ . There is only one experimental band reported for transitions with 5p 2 ⌸ as lower state, at 7100 cm Ϫ1 , assigned to 4d 2⌬ →5 p 2 ⌸, 10 for which the theoretical value is in excellent agreement, at 7047 cm Ϫ1 . Thus except for the ''switching'' required for the assignments of the nd (n ϭ4,5) and ns (nϭ6,7) states, in Table III , the present theoretical transition energies are in excellent agreement with the experimental values.
In the quantum defect calculations described thus far, only Rydberg states converging to the first ionic limit have been considered. Therefore the generated potentials give the adiabatic potentials only near the potential well, for R less than about 4.0 bohr. In order to generate the full adiabatic potential energy curves it is necessary to consider the second ionic limit, to which the Kr* -H states converge. Such a calculation has been carried out in the present work for the 2 ⌸ states of KrH, involving four channels consisting of 5p and the 4d 2 ⌸ Rydberg states and two Kr* -H states, as obtained in the ab initio calculations for R greater than 4.0 bohr. Two ionic limits are employed, the ground state X 1 ⌺ ϩ and the 1 1 ⌸ of KrH ϩ . The lack of ab initio data at short R for the two repulsive Kr* -H states makes it necessary to use a constant quantum defect for each of these states, i.e., making the assumption that they rise up parallel to their ionic limit. A small constant interaction of 0.02 hartree between the various channels is introduced, as required for the avoided crossings. For a multichannel treatment a generalization of Eq. ͑1͒ is used. 35 The resulting potentials for the 2 ⌸ states have been plotted in Fig. 3 , showing the 5p and 4d 2 ⌸ Rydberg states, with the avoided crossings with the Kr* -H states propagated up to higher n levels. The ab initio points of the lowest three 2 ⌸ states have also been plotted for comparison while a diabatic potential energy curve for the charge transfer state, constructed by following through the crossings with the Rydberg states in the adiabatic potentials, is also included in Fig. 3 , for completeness. Thus it is possible to reproduce the adiabatic ab initio potential energy curves, and to propagate them to higher n levels, provided that sufficient experimental levels are known as well as the potential energy curves of the relevant ionic limits.
C. Results of the complex coordinate calculations
The ab initio data employed for these calculations have been plotted in Fig. 4 Tables V and VI for KrH and KrD, respectively. Vibrational levels are given for rotational level Nϭ10, in cm Ϫ1 with respect to the level vϭ0, Nϭ1, along with the squares of coefficients of the above three excited states, the halfwidths in atomic units and the corresponding predissociation lifetimes in seconds. Results for different values of N, ranging from 1 to 20, can be obtained directly from the authors.
As shown in Tables V and VI , there is some mixing of the levels of the A 2 ⌺ ϩ and C 2 ⌺ ϩ states and there is also interaction with the levels of the B 2 ⌸ state for high rotational levels ͑cf. results for Nϭ10). Similar results as for Nϭ10 have been obtained for Nϭ20.
The present results do not show the formation of a 5p (⌺ ϩ ,⌸) complex in KrH and in KrD as a result of the rotational-electronic coupling, since even for Nϭ20 the B 2 ⌸ state does not mix very heavily with the A 2 ⌺ ϩ and C 2 ⌺ ϩ states. As mentioned in the Introduction, while the existence of the nϾ5 np complexes in KrD is necessary for the explanation of the observed rotational structure the 5p states can be considered as isolated states with equal quality in the fit as for a 5p complex. It may be of interest to treat by similar CCR calculations the interactions between the higher members of the series of np complexes in KrD.
As shown in Table V , predissociation is significant in KrH, especially for the levels of the A 2 ⌺ ϩ state, and it increases for higher vibrational levels. The calculated halfwidth for the vϭ0 level of this state is 0.3622ϫ10 Ϫ5 hartree, or a width ͑⌫͒ of 1.59 cm Ϫ1 . This value is about three times larger than the reported experimental width of 0.5 cm Ϫ1 . Predissociation is also important for the levels of the C 2 ⌺ ϩ in KrH, but is not significant for the levels of the B 2 ⌸ state for Nϭ1 while with increasing N ͑cf. for N ϭ10 in Table V͒ it gains some importance. In KrD, predissociation is not very significant for low vibrational levels, as shown in Table VI 
IV. CONCLUSION
In the present work a theoretical study of the Rydberg states of KrH is presented and where possible the results are compared to experimental observations. Ab initio and quantum defect calculations have been employed and potential energy curves have been determined for nl Rydberg states of KrH. The transition energies obtained from the quantum defect calculations, calculated at an internuclear distance of The results of the four-state complex coordinate calculations involving the ground and the first three excited electronic states of KrH ͑and KrD͒ yields large predissociation widths for the 2 ⌺ ϩ states in KrH but smaller by a factor of 60 in KrD, in agreement with experimental observations. 8 Only small mixing is found between the levels of the 3 2 ⌺ ϩ and the 1 2 ⌸ 5p states, even for high rotational levels, which does not explain their consideration as a 5p complex in KrD. 9 However, the 5p states in KrD, unlike the higher np states, can be equally well considered as isolated states, 9 and with 5p 2 ⌸ considered as a case ͑a͒ state. 10 Finally, potential energy curves are presented for the ground and excited electronic states of the cation, KrH ϩ . Only the ground state is found to have a substantial minimum while the excited states are either repulsive ͑the lowest four excied states͒ or are metastable, with local minima at R min of the ground state of KrH ϩ . 
